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PLANNED FUGHT TEST OF A MERCURY ION 


AUXlUARY PROPULSION SYSTEM 
PART II - INTEGRATION WITH HOST SPACECRAFT 
by Rodney M. Knight 

National Aeronautics and Space Administration 
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ABSTItACT 

This is part II of a three-part paper describing the approved flight test of a 
.mercui^’ ion auxiliary propulsion system. This part summarizes the objectives 
of the flight test and describes how those objectives are in support of an overall 
pivgram goal of attaining user application. The approach to accomplishment is 
presented as it applies to integrating the propulsion system with the host space- 
craft, USAF's STP P80-1. A number of known interface design considerations 
which affect the propulsion system and the spacecraft are discussed. Finally, 
analogies are drawn comparing the relationship of the organizations involved 
with this flight test with those anticipated for future operational missions. Parts 
I and 111 of the paper expand upon the objectives, system description, mission 
operations, and measurement of plume effects. Parts 1 and III reflect the prin- 
cipal investigator viewpoint whereas this part II represents the project office 
perceptions. 


INTRUDUCTION 

Ion propulsion offers significant advantages over present chemical propul- 
sion for au.xiliary purposes (station keeping, attitude control, and station change). 
It uniquely features very high specific impulse and very low’ thrust levels. For 
certain classes of space missions, notably geosyncronous, long life, high pow'er 
satellites, the high specific impulse feature can be employed to increase the 
w'eighl available for useful payload by decreasmg the auxiliary propulsion system 
weight. Also, the i^^'W thrust applied in a continuous fashion (compared to high 
thrust, pulsing chemical .ystems) can increase spacecraft pointing accuracy and 
attitude stability. These increases can be used to good advantage by unproving 
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overall spacecraft performance or by reducing total spacecraft system costs 
(ref. 1), 

In recognition of these potential advantages, the technological development 
of an ion auxiliary propulsion system has been carried to the phase where a 
flight test has been approved. Urganizations have been structured, objectives 
have been established, plans and approaches w’orked out, contracts let and agree- 
ments for a host spacecraft (USAF's STP P8U-1) secured. A conceptual definition 
of the propulsion system-to-spacecraft interface has been accomplished, prior to 
selection of the actual spacecraft contractor and configuration. The planning 
phase is ending and the entire effoit is on the brink of entering the e.xecution 
phase. Such is the .status at the tune of this writmg. 

The pi-oject is described in a paper having three parts. Pait 1, Objectives, 
Systems Description and Mission Operations, and Part 111, Measurement of Plume 
Kffects (refs, 2 and 2), describe the flight test as perceived by the Principal In- 
vestigator. Part 11 (this paper) is oriented towards the project activities of inte- 
grating the flight test hardware with the host spacecraft. 

PROOKAM OBJECTIVES AND APPROACH 

NASA has a substantial and ongoing technology program in auxiliary electric 
propulsion. The approach used in the program relies heavily on ground based 
test and analyses efforts to accomplish the technology’ goals. These ground ef- 
forts have yielded substantial technology results and are to continue being the 
basis for future advancements. 

One such technology result is the development of a thruster subsystem design 
adequate for flight. However, the transfer of technology will be incomplete until 
a flight test takes place. Flight tests are historically characteristic for any new 
propulsion technology transfer, whether electrical or chemical. Several flight 
tests of liquid hydrogen rocket engines (Centaur), and the need for a series of 
.six Orbital Flight Tests of the Space Shuttle are but two e.xamples. 


FLIGHT PROJECT OBJECTIVES AND APPROACH 

A major consequence of the overall technology program is that certain ele- 
ments requiring flight have been identified and coalesced into a space flight lest 
project. 'I'his pioject has the objectives stated below in support of the program 
goals 
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The primary objective is to accomplish the flight qualification of the ion 
auxilian propulsion system by verifying in space its functional operation such 
as thrust duration, on/off cycles, and dual thruster operations. 

The secondary objective is to confirm design and ground-based test informa- 
tion on system performance and on system-to- spacecraft interface requirements 
(with emphasis on thruster by-products-to-spacecraft interface). 

The primary objective will assure user conlicence in the ability of the tech- 
nolog) to perform as mtended. The secondary objective, in c*onjunction with on- 
going gmund efforts, will yield reliable engineering information to facilitate de- 
sign application of ion aiL\iliary propulsion for a variety of mission types f<nd 
strategies. In order to accomplish the flight test objectives, two classes of 
hardware are required on a single spacecraft; namely, an ion aiLxilian propul- 
sion system, and diagnostic instriuuentation. Figure 1 shows a conceptual view 
of the hardware. 

The ion aiLxiliai-)- propulsion system consists of two identical thruster sub- 
systems (TSS). IVo TSS's were selected for flight because two TSS's fonn a 
basic building block, or system, in an operational mission. Many missions 
would use two pair. Correct selection of the proper pair of thrusters allows the 
spacecraft to achieve any of the three aiLxiliarv pix>pulsion functions of station 
keeping, attitude control, or station change (ref. 4). 

The TSS to be used as a baseline design is that developed by Lx'wis Research 
Center and Hughes Research Laboratory under the N.ASA technolog) program for 
aiLxiliary electric propulsion. This baseline design will be modilied, as dis- 
cussed later, adapt interfaces to the host spacccraJl . 

The diagnostic instrumentation is needed to measure selected thruster pliune 
by-pix)ducts. These measurements in space are e.xpccted to confirm and refine 
the envelopes derived in ground tests and analyses. The envelopes thus defined 
will permit future users to confidently place sensitive surfaces near the thruster. 

The flight plan is to operate the proiiuleion system in a manner to verify that 
it functions as required by an operational mission, and to obtain information con- 
firming system performance. Throughout the flight the diagnostic instrumentation 
will collect thruster plimie by-product information with accuracies unobtainable in 
ground facilities. This information will be correlated with gix>und data. 

UKSIGN AND INTFC.IUTIUN CUNS11)KR,\ FIONS 

Successful design and integration of the proiiulsion svstem and l’SO-1 will 
require several considerations. These consiilerations are diseusseil below and 
the schedule for their accomplishment is .shown in figure 3, 
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Thrust Subsystem Configuration 

The following sections will summarize and reference the TSS design extant 
at the start of the flight pi'oject, as well as discuss the known modifications re- 
quired and the need for these modilieations. 

Engineering model thruster subsystem . - The starting point of the TSS to bt* 
flown is the 8-em mercury ion bombardment Engineering Model Thruster Sub- 
system (EMTS) design previously developed by Lewis Research Center and Hughes 
Research Laborator>’ . It consists of a thruster/gimbal unit, a propellant tank 
unit, a power electronics unit, and a digital interface unit, as shown in figure 3, 
and has the interface and performance features summarized in table 11. It is 
described in detail in reference 5. 

Considerations motivated by user acceptance needs . - Perhaps the most sig- 
nificant configuration change is to expand the current digital interface unit design 
to include self contained logic for startup and operation of the thruster in its 
various modes. This addition of capability rewgiiizes that future operational 
spacecraft employing ion auxiliary pi'opulsion will demand simple start-stop type 
command interfaces and otherwise autonomous propulsion system operation. 

This change, then, is to provide future users with easy application of the propul- 
sion system for functions of stationkeeping, attitude contix)!, or station change. 

A second addition to the basic EMTS stailuig point design is that of a beam 
shield. The beam shield piwides a large region in the downstream hemisphere 
in which surfaces sensitive to thruster by-products can be sai'ely mounted. Stud- 
ies have shown (ref. 4) that beam shields are required in all symmetrical space- 
craft configurations where body mounted auxiliary electric pi'opulsion systems 
are to be employed. Thus the beam shield was added because it constitutes a 
necessary part of future propulsion systems to bc‘ flown. It was not added specif- 
ically to ease integration with P80-1. Whether or not it will be used for the later 
purpose remains to be seen. 

Considerations motivated by PSO-1 interface requirements . -At this concep- 
tual phase in the integration planning, one major study elToil and two needed addi- 
tions to the EMTS design have been identified. They must bi‘ accomplished to 
meet the requirements of the spacecral't. 

The study effort consists of accurately assessing the impact (if any) of the 
thruster by-pi'oduct interfaces with PHO-1 and with the two o*her payloads which 
will also fly on PHO-1. This is a significant task necessary to assure the accept- 
ability of time shared in-space operations of the propulsion system with each of 
the other two payloads. 


The pivMMit inti*rl‘ac*o unit drsi^n is sovri al yrars old and was in- 

tondod lor a dilloront spav'crrafl ooinpulor inlt'rlaoo. C'onsoquontly a ivilosi^n 
lor I'oinpalabilitv in (.'omnuinioalin^ will) iho host spai’ooi'ari in llu‘ pi’opor ili^ital 
format is ossonlial. This inloiiao' ohan^o in oonjunotion with Iho pivviouslv 
incntionod lU’od lor a simple eommaiul interlace anil autonomy requires a ilesign 
and di’velopment efloil.. The resullinj; eiul proiluet will lu) U»uf;e!- be ealU'd a 
digital interfaee unit but will instead U-eome a iligital eontrol and interfaee unit 
llX'in. 

To the pivpellant tank outlet must bi* aiKled a normallv eloseil valve ti» eon- 
fine the mereury propellant ti» llu* lankage iluring appropriate limes. Plus valv- 
ing is needed to; 

('omply with SI’S man rated salet.v lequirtMuenis 

Prevent any aseent aeeeleration foi*ee, in ei>mbinalion with normal t;uik 
pressurization forees, from eausing mereurv inirusion of the |K»rt)us 
vaporizer plugs ol the thrusters 

Provide a mereury seal so that the thruster mav be removeil ami handled 
separately fi\>m the pressurized pn>pi‘llanl tank ;uul propellant lines 
during grouiul hiuulling 

Stop the fli>w of mereury in the event that In’i-omes nei’essary 


Spaeei*raft Design t'»»nsideratii>ns Mi>tivated by 
Propulsion System Hequirenumt s 

riu‘ propulsiiMi s\ sU'in also li'vies i i'qui remen' s upon tlu* spaeei’imtl di'sign. 

.\ study ol the following will show 'hat these requirements are for the nu>sl part 
intentionallv those requirements wim h wouUl i*\ist in an op«'i alu*nal use These 
requirements are desei ibed nu>ii* fulh in reierenei’ I lli>wevi'i\ the ki'V ri'quire- 
ments and their antieipated impact on the PSO- I design are summari/i'il bidow; 

1. Housekeeping serviia*s siu'h ;is power, I’ommaiul ami i‘on» n*l ami I’ompalible 
thermal ilesign are requireil. Note that for this ‘'light tes^ a separate attitmU* eon- 
trol system is alsi> lu'edial tt.) maintain sun ami e;irth orient ;it ion, as the propulsion 
systi'in is not plamual for use for that purpi*se. 

These requirements are rather nu»desl and an* easih within n>utine spaia*- 
eraft ilesign |uaelu*es ami available harilwari* Ih'wever, it should be noteil that 
the enei*gv re(|uirement to eontinm*uslv evele one TSS on and »»ff, ilr;iw ing m*arlv 
200 watts i>f power when i*n, is somewhat huger than that i>l tlu* lwi» other Pm>- I 
payli*ads, ami .‘<i' is e.\pi*i*teil to influenee tlu> spaeei*rafi power svsli’in si/e. 

2 Tlu* Ihru.st M*elors of lK*th ihrusli*rs are to l»i* almeil llwough llu* spai*e- 
eraft ia*nler ot gra\ 0 \ , om* radialK lui’w aril aw fi’om Karth, llu* other parallel 
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to the spacecruit velocity vector. For the 1 light test, this will permit unrestricted 
thrusting without introducing disturbance torques; for operational missions this, 
with selection of the proper pair of thrusters and using the existing gimballing 
capability, will achieve the desired functions of either stationkeeping, attitude 
contix)! or station change (ref. 4). 

The two thrust vectors are additionally required to form an appix>ximate 90^ 
angle and have other specific spatial and angular relationships to each other. 

This geometry pix>vides for the gathering of meaningful dual thruster operational 
data which will be most useful to a variety of future configurations, as well as 
pi*ovidcs for ease of integration with PSU-1. 

3. Spacecraft surfaces sensitive to thruster by-products are constrained 
from being within regions known to contain that efflux. Specifically, line of sight 
to thruster grids or to inside of the beam shields is restricted. 

The combination of 2. and 3 alxjve are requirements which can readily be 
met il P80-1 has a lx).\-like shape with most of the radially outward side (from 
the Eart,h) and the front or back side (relative to the orbital velocity vector) 
dedicated to the thruster mountings. 

4. The flight test will require approximately 20 months to accomplish all ob- 
jectives. This places a lifetmie requirement on the P80-1. However, with the 
high- re liability appi'oach selected for PhO-1 (redundancy), this requirement does 
not appear to be a large driver of the P80-1 design. 

Spacecralt Integration Activities 

Integration activities with P80-1 take place during three sequential phases 
(fig. 2). First is a conceptual planning phase between STP and Lewis Research 
Center. This phase, now complete, permitted lx)th organizations to scope the in- 
tegration task technically, schedularly, and financially. It resulted in permitting 
both organizations to write compatible contracts to accomplish the necessary work. 
Award of these contracts marks completion of the conceptual phase. 

The second phase is that of defining a firm and detailed interface between the 
propulsion system and P80-J. This phase will involve both the propulsion system 
I’ontractor and the PHO- 1 spacecraft contractor, as well as STP and Lewis 
Research Center. It will result in finalized interface control documentation from 
which harihvarc can be compatibly designed on both sides of the interface 

The third and final phase is that of verification. This will be accomplishcil 
by integration of the propulsion system and diagnostics w’ith PSO-1. The other 
two payloads will be similarly integrated with PSO-l. The assembly will then be 
subjected to performance and environmental tests to assure that the hardware is 
as designed and that the designs are compatible. 



riu' uniqiu* loaluri* ul this vcrilioalioii phase is expoeleil to Lk* that i)l a 
Ihnister elu'clunit slrati‘j;y. riirustor teslinn at the ei)m|HMu*nt level aiui at the 
siil)M sliMii level will taki' plaee ai llu’ piopulsioii system eeiil rai'ti’i’ s tai’ilil\ . 
lUmevt'i’, llie thruster will not Ik* operated while on iliirinj; ^rouiul ti'stinj; 

to piwliule meri’ury eontanunatint; both vaeuum tiuiUs and the spaeeerall. riuis, 
a strati'^N U»r soim* I'lli’etiu* in situ eheekiuit is ri’quiri'd. A eoneeptual appnuieh 
has lK*en establisheil whieh would substitute mass aiul lutwer loail siimilatiirs lor 
llu’ Ihrusti'rs ilurinj; most of the inlerfaei' verifiealion lestinj;. At some point 
elose to launeh, it is planned, the flij;hl thrusli*rs will U' installed. Cheekout 
lia’hnuiui's to assuri' a propi'r final mating; ol tlu' propidlanl line litdil |i»ml aiul 
'll some I'f the Ihrusli'r eleetrieal i’i>niu’et ii»ns havi* been I'slablislu'il. .\s i>l this 
writing;, it is planiu'd that eheekoul of the remaiiuier i»l the Ihru.'^ter final elee- 
trieal i-onneetions be eond'ieteil aeeordini; to ai-rospai-e ti'i-hniqiu's sueh as are 
usi'il t. . pyri>tli'viees. .\s this eoiu-eiitual approaeh matures In implementation, 

It IS I .\peeted to pioduee a eheeki*ut strate};\ whieh will bi* a\ailal>le tor opera- 
tu>nal usi’rs. 


lliiSr Sl’At’KUiM’r DKSl’ltll’riON 

.\l)l)roval has lu'en siaairi'il to (.\'ndui't tiu' lli};ht test aUuinl rS.NF's S Tl’ 
l’Mi-1. Tins will lu' tlu' first siheiluled tli{;ht of a I S.\F spaiavrait onboard 
Sluittle. Salient iharaeterist les of I'su-l an' shown in tinure 1. 

Noti' that tliere are twv» i>ther pa> loaiis alK>anl, m aiUlition to tlu' ion au\iliar\ 
pn>pulsiv>n sNsli'in. I'.ai'li v'l tlu' thri'i* pa\ U>ails is luiuii'd aiul mana^t'il l)_\ si'parati* 
orj;an i/at ion s . fiai'li has its own si't ot i>biei’t i vi’s wlueli are indepi'iuli'iil ol i>iu' 
another. .\ ei*nei'ptual vuw ot tlu* PsD-l ei>nl i^;urat ion showinn relative plaee- 
nu'iils ol the tliree pa\ loails is i;i\i'n in li^ure a. 

i ) IKl A .\ I /.\ TU > NA I . U 1 : 1 .A T U > NSl 1 1 PS 

The n>U's aiul n'lat umships ol tlw lour pa rt u'qtai iiij; or^ani/at ions are m 
man_\ re.>-pi‘els like tlio.‘»e wliieli mii;lil be lound in luture operalUMial missions 
wliu'h I'lnploN ion propulsuMi. rims tlu' experu'iu’i's aiul manaj;enu'nl ti'ehniques 
ile\eh»peil to emi'.'iu-l the lli};hl test on PsO- 1 an* lore runiu'i s ol Ihosi' to l>e usi'il 
operatu*nall> . l’ii;uri' b ilepiets the relationships to lu* iliseus.seil lu'hnv. 

f\»r I'xample, the I S.\l’'s STP P>0-1 eontrai’tor team si'ines as Pro};ram 
.Mamq;er aiul thus has responsibilities analopuis to those t*l a pro};ram spaei'i'iatt 
niana};er ol a mission w lu'i e u»n auxiliary propulsion is opi' rat u»nal . The two 
ollu'i pa\loail a^;i'iu-ii's represent pa> load .q;eiu-ies similar to those i>t an I'per- 
at unial missu>n. .And linallN , the l.t'Ut' t'ont raeti* r team is lor this llinht a 





puyiuud but hus rcspunsibilitios anulo^uus tu the uperatiunal supplier uf the ion 
pivpulsion system. The e.xperiences to be gained will be of inestimable value 
for future uperatiunal missions. 


CONCLL’SIONS 


A flight test is neeessary to transfer the auxiliary eleetrie propulsion teeh- 
nologj developed under a NASA program. The need for a flight test follows a 
historieal pattern observed in other propulsion system teehnology developments. 
An ion auxiliary propulsion system will lx* ilown and will funetion in spaee as it 
would be ealled ui>c'n to do operationally. Kngineering infonnation will be ob- 
tained for use in designing future applieations. Also to be flown is appropriate 
diagnostic instrumentation to confirm and refine thruster plume by-pi*oduets 
within the envelopes predicted by the ground pi*ogram. 

This flight test will lx* eondueted on I SAF’s STP PSO-1 spaeecraif which 
will in turn be deployed b> the Shuttle. The relationships of the various organiza- 
tions represented on PM>-1 will provide e.vperiences very mueh like and of great 
value to future operational missions employing ion propulsion systems. A number 
of design considerations have been identified which when addressed, will assure 
compatil'ility of the flight lest objectives and hardware with the l^sO-1 flight 
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TABLE 1. - DEFINITIONS AND ACHUNVMS 


DCIL 

Digital controller and interface unit 

Dll’ 

Digital interface unit 

EMTS 

Engineering model thruster subsystem 

liUL 

Hughes Keseareh Laboratorj 

U'RC 

Lewis Research Center (NASA) 

PS 0-1 

l SAF*s STP spaiceralt, host to the ion 


auxiliary pi*opiilsion system flight test 

STP 

Space Test Program 


(I’SAF) 

TSS 

Thruster subsystem 
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TABLE II. - EMTS INTERFACE AND PERFORMANCE FEATLRES 


Parameter 


Thermal 

Mounting in SC interior or mounting on 
sun-oriented, thermally isolated 
appendages 

Mass reservoir capacity (Hg) 

15.7 kg dry 
b.75 kg (13 000 hr) 

Electrical 

70-t20Vdc, 1G0.3W 
2Si-l V dc, 4.7 W 

Efficiency at 70 V dc, 74.5 percent 

Command and data 

10 bit serial interface to be replaced b\ 
interlace compatible with PSO-1 

Thruster by-pi'oduct/SC interface 

No sensitive surfaces may view thruster grids 
(downstream hemisphere); sensitive sur- 
faces ui upstream hemisphere generally 
acceptable. The beam shield to be added 
will permit sensitive surfaces to be located 
in its shadow. 

Thrust vector gimballing 

ilO^ in each of two directions 

I 

sp 

2700 sec 

Startup lime 

s 15 min 

Restarts^ 

2 10 000 cycles 

Thruster operational liletime^ 

- 20 000 hr 


^Ooul, not dciuunstralcd. 







Figure 1. - Flight package ion auxiliary propulsion sysiem. 
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Figure 3. - Engineering model thruster subsystem. 


MISSION OBJECTIVE: TO SERVE AS HOST SPACECRAFT FOR 3 PAYLOADS- 
TEAL RUBY, ION AUXILIARY PROPULSION SYSTEM AND EXTREME 
ULTRAVIOLET PHOTOMETER 
NOMINAL ORBIT: 400 n.m. CIRCULAR, NEAR POLAR 
LAUNCH VEHICLE: SHUHlf TO LOW EARTH ORBIT, 2 SOLID RUCKET MOTORS 
TO FINAL ORB IT 

RELIABILITY: DESIGN GOAL OF 3 YEARS 
LAUNCH DATE: MARCH, 1981 


Figure 4. - P80-1 mission characteristics. 
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